WILSON. Inhibitory proteins in the Newcastle disease virus-induced suppression of cell protein synthesis. J. Bacteriol. 91:1896Bacteriol. 91: -1901Bacteriol. 91: . 1966.-Infection by Newcastle disease virus brings about a rapid and marked inhibition of cell protein synthesis (CPS) in chick embryo fibroblast monolayers. The block to CPS is initiated about 5 hr after infection, and by 9 hr about 85% of the host protein synthesis is shut off. Azauridine (3 mg/ml), a ribonucleic acid (RNA) synthesis inhibitor, prevents the virus-induced inhibition of CPS when added at the time of infection; but it does not prevent the inhibition when added at 3 hr after infection. When puromycin (60 ug/ml), a protein synthesis inhibitor, was added at 3.5 hr after infection, viral RNA was synthesized in normal amounts, but the virus-induced inhibition of CPo was prevented. Actinomycin D added at the time of infection does not, however, prevent the virus-induced inhibition of CPS. The results of these experiments indicate that proteins synthesized during Newcastle disease virus replication are responsible for the inhibition of host-cell protein synthesis. The synthesis of these inhibitory proteins depends on the prior synthesis of viral RNA.
A number of workers have shown that various ribonucleic acid (RNA) animal viruses strongly suppress host-cell protein synthesis during their growth cycle. Wheelock and Tamm (13) and Wheelock (12) reported a rapid inhibition of protein synthesis in HeLa cells infected with Newcastle disease virus (NDV). A rapid depression of protein synthesis was also demonstrated in HeLa cells infected with poliovirus (2, 9, 15) and in L cells infected by members of the Columbia SK group of small RNA viruses (3) .
As yet, little information has been obtained regarding the mechanism of this virus-induced inhibition of host protein synthesis. Holland and Peterson (6) demonstrated that HeLa cell protein synthesis is inhibited by poliovirus infection more rapidly than by actinomycin D. This indicated that the inhibition of protein synthesis is not an indirect result of suppression of cell messenger RNA by poliovirus. Hausen and Verwoerd (4) obtained a similar result using the ME-virus Lcell system. Furthermore, Rich et al. (8) Wheelock (12) demonstrated that puromycin, a protein synthesis inhibitor, delayed the inhibition of host-cell protein synthesis by NDV. Verwoerd and Hausen (11) have suggested that the inhibition of host-cell protein synthesis by ME virus is the result of the synthesis of virus-specific early proteins.
Our experiments were undertaken to study the mechanism of NDV-induced inhibition of hostcell protein synthesis by puromycin and 6-azauridine. Wilson and LoGerfo (14) , using specific inhibitors for RNA and protein synthesis, were able to fractionate the growth cycle of NDV in chick embryo fibroblast (CEF) monolayers. They showed that, shortly after infection, virusspecific proteins are synthesized which are necessary for viral RNA replication. The synthesis of these early proteins is not affected by addition of 6-azauridine, indicating that RNA synthesis is not required for their formation. Addition of puromycin immediately after infection, however, does prevent the synthesis of virusspecific proteins. This sensitivity to puromycin is lost by 4.5 hr after infection, indicating that by this time virus-specific protein synthesis has been completed. From Chemicals. DL-Leucine-1-C'4 (2 mc/mmole), uniformly libeled L-leucine-C'4 (250 mc/mmole), uridine-H3 (7.7 c/mmole), and guanosine monophosphate-H3 (GMP-H3; 1.23 
RESULTS
Effect of 6-azauridine on the virus-induced inhibition of cell protein synthesis Figure 1 shows the time course of the cellular protein synthesis (CPS) inhibition by NDV. The block to CPS is initiated about 5 hr after infection, and by 9 hr the rate of host protein synthesis has declined by 85%.
The effect of actinomycin D on the virusinduced inhibition of CPS was investigated by exposing infected and control cultures to actinomycin D immediately after infection. The rate of CPS was measured 8.5 hr after infection. The results in Table 1 show that, although actinomycin has an inhibitory effect on CPS, it does not prevent the virus-induced inhibition of CPS. This result also indicates that the virus-induced inhibition of CPS does not depend on viral inhibition of cell RNA synthesis.
The role of viral RNA synthesis in the virus- Infected and uninfected chick fibroblast cultures were overlaid with standard medium and incubated at 39 C. Beginning I hr after infection, and at successive 1-hr intervals thereafter, the medium on a pair ofinfected and uninfected cultures was discarded and replaced with Hank's BSS, 2% calf serum, and 0.066 ,c of uniformly labeled C'4-leucine per ml. Duration 9 hr after infection by pulsing with leucine-l-C'4 medium (0.250 lc/ml) for 30 min.
induced inhibition of CPS was investigated by use of the RNA synthesis inhibitor 6-azauridine. This drug was used at a concentration of 3 mg/ml, which causes an inhibition of over 90%70 of cell and viral RNA synthesis but does not prevent virus-specific protein synthesis (14) .
Azauridine was added at successive 1-hr intervals to infected and control cultures. At 9.5 hr after infection, the rate of protein synthesis in all cultures was measured. Since AU inhibits all messenger RNA synthesis, the rate of protein synthesis decreases with time in the AU medium. This effect can be seen in Fig. 2 where the control cultures show an increase in the rate of protein synthesis as the time in the AU medium decreases.
The results shown in Fig. 2 RNA was necessary to bring about the inhibition of CPS.
Azauridine was added to infected and control cultures at successive 0.5-hr intervals beginning 3.5 hr after infection. Azauridine remained in each culture for 3 hr and then CU4 pulse medium with AU was added for 30 min to measure the rate of CPS. Cultures which received AU 3.5 hr after infection showed some virus-induced inhibition of CPS at 6.5 hr, and cultures which received AU at 4.5 hr after infection showed essentially full virusinduced inhibition of CPS at 7.5 hr after infection (Fig. 3) .
To be sure that additional RNA synthesis does not occur after the addition of AU, the rapidity with which this drug is able to inhibit cell RNA synthesis was tested. The results in Table 2 show that AU inhibits over 90% of the cell RNA synthesis within 15 min. The action of AU on cellular and viral RNA synthesis is quantitatively similar (14) . Viral RNA synthesis was measured at different times after infection by following the incorpora- tion of GMP-H3 (Table 3 ). For comparison, the effect of virus on CPS (data from Fig. 1 ) and the effect of virus and AU on CPS (data from Fig. 3 ) are also shown in Table 3 . One can see from the table that at 4.5 hr after infection 35% of the maximal amount of viral RNA has been synthesized and that no inhibition of CPS has occurred. When AU was added at 4.5 hr after infection, the rate of protein synthesis 3 hr later was depressed by the virus to the same level as observed in infected cultures which were not exposed to AU. Thus, as little as 35 % of the viral RNA, if * Viral RNA synthesis was measured by addition of standard medium with GMP-H3 (0.655 ,Mc/ml) and actinomycin D (10 ,g/ml) to infected and uninfected CEF monolayers. Pairs of cultures were withdrawn after incubation (39 C) at the indicated times. The effect of virus on CPS is calculated from Fig. 1 . The effect of virus and 3-hr AU treatment on CPS is calculated from Fig. 3 .
given enough time, can bring about a 70%h/ inhibition of CPS, and this is accomplished in the presence of AU, under which conditions viral RNA cannot replicate further. Even smaller amounts of viral RNA may bring about an inhibition of CPS. The results shown in Fig. 2 indicate that the viral RNA synthesized at 3 hr after infection causes over 60% reduction in CPS at 9.5 hr after infection.
This result suggests two possibilities: (i) that viral RNA can act as a direct inhibitor of protein synthesis (if given enough time), or (ii) that during the period of AU treatment viral RNA is directing the synthesis of proteins which themselves act as the inhibitory agents.
Effect of puromycin on the inhibition of CPS. To determine whether protein synthesis is necessary for the virus-induced inhibition of the CPS, the effect of a protein synthesis inhibitor, puromyLin, was tested.
AU was added to infected and uninfected cultures at 0.5-hr intervals beginning 3.5 hr after infection, as in the AU experiment shown in Fig. 3 . In addition, puromycin was added to all cultures at 3.5 hr after infection and maintained until the rate of CPS was to be measured. PU was then removed by a quick wash with PBS containing AU, and C14 pulse medium was then added in the presence of AU. Cell protein synthesis was measured at times corresponding to the previous AU experiment. Viral RNA synthesis at 9 hr in cultures treated with puromycin at 3.5 hr was 26% greater than in untreated infected cultures. 
DIscussIoN
The results of these experiments indicate that several steps in virus replication must take place before the virus can inhibit CPS. The synthesis of virus-specific proteins, which are necessary for the synthesis of viral RNA, must first occur. These virus-specific proteins are synthesized in the presence of azauridine (14) , but since azauridine prevents the virus-induced inhibition of CPS (Fig. 2) , we may conclude that these proteins are not able to inhibit CPS directly.
The virus-induced inhibition of CPS is also dependent on the synthesis of viral RNA. Wheelock (12) Fig. 3 and, in addition, puromycin (60 ,ug/ml) was added to all cultures at 3.5 hr after infection. (4) with ME virus in L cells. It seems most likely that in the case of NDV the inhibitory proteins have viral RNA templates.
If, as we suspect, viral messenger RNA is the template for inhibitory proteins, it then appears that, in the presence of azauridine, this viral messenger RNA of the entering particles is not able to direct the synthesis of sufficient quantities of these proteins to bring about the block to CPS. This may result from a viral regulatory mechanism which prevents the synthesis of enough inhibitory protein to block CPS.
Evidence for inhibitory protein was also obtained by Verwoerd and Hausen (11) . They observed that p-fluorophenylalanine inhibits the suppression of host CPS by ME virus when added at the time of infection. These authors suggested that the action of p-fluorophenylalanine was directed against virus-induced "early proteins" which inhibit cellular protein and RNA synthesis.
Evidence was obtained which indicated that a protein which blocks cell RNA synthesis was formed before viral RNA. It is interesting to note that Holland (5) obtained evidence that the suppression of host CPS by high multiplicities of poliovirus is caused by the viral RNA alone.
That the NDV-induced inhibition of CPS may be the result of degradation of cell polysomes (8) has not been determined, but it is an attractive hypothesis. This mechanism would enable the virus to "capture" the ribosomes actively for its own use to complete its growth cycle. If this is so, this inhibitory agent must be able to distinguish between the cell messenger polysome and the viral RNA-polysome complexes. 
